Abstract. We propose, for the first time to the best of our knowledge, a design for a silicon waveguide-based nonlinear directional coupler in order to achieve soliton selfswitching. Numerical analysis shows that the proposed design may be quite useful as a soliton switch.
Silicon-on-insulator ͑SOI͒ waveguides have attracted considerable attention recently because they can be used for making inexpensive, monolithically integrated optical devices. [1] [2] [3] [4] The most notable features of silicon waveguides are that silicon exhibits significant third-order nonlinearity and provides a tight mode confinement. These features make it possible to realize a variety of optical functions at relatively low power level. Recently, the formation of optical solitons inside a short silicon waveguide is reported. 5 Solitons have been observed inside silica fibers for a long time and found a multitude of applications ranging from optical switching to supercontinuum generation. 6 In this letter, we propose, for the first time to our knowledge, a novel design of a silicon waveguide-based nonlinear directional coupler ͑NLDC͒, which can be used as a soliton self-switching device. After the pioneering work of Jensen 7 and Trillo et al. 8 silica based nonlinear directional couplers have been studied quite extensively [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] in the context of soliton switching. Jensen 7 showed that one can switch a continuous signal from one core to the other by varying the input power of the signal. The idea when applied to pulse switching led to pulse distortion and breakup, resulting in inefficient switching. Because the nonlinear phase modulation is proportional to the instantaneous intensity, different portions of the pulse envelope switch differently ͑i.e., not simultaneously͒, leading to pulse distortion and pulse breakup. The pulse breakup during switching is undesirable because it results in inefficient switching and causes cross talk of the signals. Trillo et al. 8 showed that pulse breakup could be avoided if one used a soliton pulse as a signal. The physics behind it can be understood from the fact that the nonlinear phase modulation is constant across the entire soliton pulse, owing to which the pulse switches as a whole ͑i.e., as a single unit and no pulse breakup takes place͒. However, because of silica's weak nonlinearity, extremely high power is needed for soliton switching in silica-based NLDC. This difficulty in experimental realization has left the silica-based NLDC as only a device of theoretical interest. On the other hand, silicon waveguide-based NLDC should not have this drawback because the nonlinearity parameter in the SOI waveguide can be larger by a factor of 10,000 or more. 5 We expect that our proposed design for a silicon waveguide-based NLDC would draw the attention of the experimentalists working in this field. It should be noted that soliton self-switching can also be achieved by applying a different scheme in which the switching is controlled by copropagating a controlling pulse along with the signal pulse, for a detailed discussion the readers are referred to Refs. 20 and 21.
It is well known that the formation of fundamental soliton requires L D = L N where L D = T 0 2 / ͉␤ 2 ͉, the dispersion length, and L N =1/ ␥ 0 P 0 , the nonlinear length. It has been shown that because of high nonlinearity and tight mode confinement in SOI waveguides both ␥ 0 and ␤ 2 are sufficiently large to support optical solitons. Figure 1 shows our proposed NLDC. Here, two identical silicon waveguides are placed close to each other. The individual waveguides have the same dimensions as that of Zhang et al.'s ͑i.e., of 860ϫ 400 nm 2 ͒. 5 The core-to-core separation distance is 2.4 m. The coupling coefficient can be calculated by following the prescription in Ref. 22 . For our proposed NLDC, it is calculated to be 2.38 m −1 . The core-to-core distance is extremely crucial in deciding the coupling coefficient of the coupler. It will be seen shortly that the coupling coefficient plays the most significant role in soliton switching in an NLDC. The switching characteristics of the coupler are described by the generalized coupled nonlinear Schrodinger equation in the anomalous dispersion regime ͑i.e., ␤ 2 Ͻ 0͒, which can be derived in the framework of the coupled mode formalism, using the standard slowly varying envelope approximation,
Here, A 1 and A 2 are the slowly varying pulse envelopes in core 1 and core 2, respectively. ␥ = ␥ 0 ͑1+ir͒ is the nonlinear parameter where the dimensionless parameter r includes two-photon absorption. ␣ takes into account the linear scattering loss. parameter, and C 0 is the coupling coefficient. A parameter of utmost importance in switching literature is the so-called coupling length L C = / 2C 0 for a / 2 coupler, which is defined as the length at which the power completely transfers from the input fiber to the other fiber. Because the set of coupled Eqs. ͑1͒ and ͑2͒ is not analytically solvable, we solve them numerically by the fast Fourier transform method for the linear dispersive part and by the fourthorder Runge-Kutta method, for the nonlinear part, with autocontrol of the step size for a given accuracy of the results. We calculate the transmission coefficient T, representing the fractional output energy in core 1, according to the formula
Here, u 1 and u 2 are the normalized pulse envelopes in core 1 and core 2, respectively. = z / L D and = T / T 0 are normalized distance and time, respectively. In this work, we have calculated the transmission coefficient T at the end of one coupling length of the coupler. To analyze the switching process we consider the following initial conditions:
We have used the following parameters for our analysis: Figure 2 depicts the transmission characteristics of the coupler as a function of the normalized peak power P 0 for three different values of the coupling coefficients: C 0 = 2.38, 119, and 238 m −1 . These coupling coefficients can be achieved quite easily just by varying the core-to-core distance of the coupler. It can be seen from Fig. 2 that C 0 = 2.38 m −1 gives the best transmission. At P 0 Ϸ 2, we get nearly 80% transmissions. As the coupling coefficient or equivalently the core-to-core separation is increased soliton switching may not be realized in our proposed device. To get an idea about the behavior and stability of the soliton pulse inside the coupler in Fig. 3 , we depict the spatiotemporal evolution of the soliton pulse inside the coupler. It can clearly be seen that the soliton is preserved during evolution inside core1, while at the output of core 2 we may get a negligibly small radiation, confirming that the soliton is getting completely switched to the bar state of the coupler. It is worthwhile to mention that the peak power of the soliton required for switching in our proposed device is calculated to be 12 W, which is clearly an improvement over that of the corresponding silica based NLDC where the switching power is generally in the range of kilowatts. 14, 18 Fig. 2 Plot of the transmission coefficient as a function of the normalized input peak power. 
